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“Un-forming” fibre-steered preforms: Towards fast and reliable production 
of complex composites parts 
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A B S T R A C T   

Automated Fibre Placement (AFP) allows for efficient deposition of composite prepreg materials at large scale in 
a reliable and reproducible way, while keeping human effort to a minimum. However, the technique is not 
perfectly suited to manufacturing small/medium parts with complex geometries. Deviation between as-designed 
and as-manufactured parts is almost inevitable, as is the occurrence of process-induced defects. In this study, an 
alternative design and manufacturing process is proposed. Instead of depositing composite tapes directly onto the 
complex mould, a flat tailored preform made from steered fibre tows is created first, and then the flat preform is 
subsequently formed into a 3D complex shape. The fibre path in the flat tailored preform is derived from a new 
virtual ‘un-forming’ process of a complex 3D part design with target fibre paths. To demonstrate the process, a 
small doubly curved composite part was un-formed. Fibre-steered tailored preforms were created using the 
continuous tow shearing (CTS) technique and then formed into the target shape using double diaphragm 
forming. The as-manufactured part was compared with the as-designed part as well as a part manufactured from 
straight fibre prepreg. The results demonstrated the feasibility of the virtual un-forming process and the potential 
of proposed manufacturing route.   

1. Introduction 

In the past two decades, the increasing demand for carbon fibre 
reinforced composites in the aerospace industry has been a key driver of 
the development and improvement of automated composite deposition 
[1]. Automated fibre placement (AFP) is the most widespread auto
mated composite manufacturing technique, efficiently integrating mul
tiple processes into a single step. One of the major benefits from AFP is 
the key role it has played in the advancement of variable angle tow 
(VAT) composites where fibre reinforcements are steered along opti
mised curvilinear trajectories. VAT laminates allow for broadening the 
design space and improvements in composites’ load-bearing capability 
through tailoring of stress distribution for structural applications [2–5]. 
State-of-the-art AFP machines accept both dry fibre and prepreg tapes 
with width ranging from 1/8′′–1′′. The combination of the steering 
capability and the ability to deposit narrow tapes enables AFP systems to 

manufacture large and simply contoured structures (e.g. fuselage in 
Boeing 787 and Airbus A350 wing skins [6]) and has helped consider
ably in widening the range of application of composite structures. 

However, many of the advantages of AFP become less obvious and 
lead to manufacturing defects when laying-up over a highly doubly 
curved surface and around tight radius. In these cases, the outer and 
inner edges of the tape are subjected to different stress states and the 
compressive stress generated along the inner edge of the tape results in 
out-of-plane wrinkles leading to poor layup quality which ultimately 
impacts the structural performance of the parts [7–10]. AFP processes 
involve fibre tapes being (pre-) heated, deposited and consolidated by a 
roller along a pre-defined path. Consequently, many machine parame
ters need to be adjusted (i.e. roller material, compaction pressure, 
temperature of the heating element, deposition speed etc.) and can all 
affect the final quality of the layup. Understanding how each of these 
parameters and their combination impact the layup quality is an 
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extremely complex task and the easiest way to decrease the appearance 
of defects is often to simply slow down the deposition speed [9], 
particularly when directly laying-up on complex (i.e. doubly curved) 3D 
surfaces. In the cases where manufacturing defects are observed, the 
layup is often completely reworked. The time required for inspection 
and rework can normally take up to 63% of the overall process window, 
even exceeding the laydown time, and ultimately leads to high running 
costs and material wastage [11]. 

An alternative manufacturing technique to AFP is the forming of 
fibrous sheets (prepreg or dry) onto a 3D mould [12]. The part thickness 
can be built up by forming either each layer one by one (i.e. sequen
tially) or forming a prebuilt multi-layer stack directly [13,14]. The main 
advantage of forming over the AFP process directly onto the mould is its 
high material deposition rate. However, if the fibre paths in the preforms 
are straight, forming would lead to significant deviation between the 
fibre paths in the physical manufactured part and the design intent, 
where the optimal fibre orientations often form curved paths on the 
mould surface. This deviation results in less efficient structural designs 
and consequently an unnecessarily large safety factor. In addition, in a 
similar way to what is seen during the steering process in AFP, forming 

often leads to the generation of defects such as in-plane and out-of-plane 
wrinkles, which further impact the structural performance of the parts. 
As the preform is formed onto the mould, it is deformed to accommodate 
the change of shape. The near inextensibility of the fibres generates 
internal constraints in the preform material that may prevent the 
required distortions and thus lead to fibre path deviation away from the 
design intent. Other factors such as stacking sequence for multi-ply 
laminates and ambient forming temperature also profoundly influence 
the forming process and defect generation, and their significance was 
analysed in [14,15]. 

In this study, the feasibility of a novel manufacturing technique, 
where automated ply deposition and forming are combined, was 
demonstrated. A unique automatic ply deposition process that quickly 
lays up onto a flat tool whilst steering fibres was used to create custom 
preforms that can then be formed to the required shape in 3D. The fibre 
paths in the flat preform were determined using a novel un-forming, i.e. 
a reversed forming, simulation. The proposed technology is defined by 
three key steps (see Fig. 1): 

Fig. 1. Schematic of un- and forming processes in ‘lay-flat and form’.  

Fig. 2. General workflow chart of modelling used in this study. Note that line arrows indicate direct output or input within corresponding model and hollow arrows 
indicate post-processing between different steps. 
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• Generating the 2D tailored preform design from the target 3D fibre 
path: 

This is achieved through a novel numerical simulation approach that 
derives the required fibre orientation in the flat tailored preform via the 
“un-forming” of the as-designed part with target 3D fibre paths.  

• Continuous Tow Shearing (CTS) process to create fibre-steered 
preforms: 

This process is an evolution from AFP that has been proven to 
minimise steering defects. The method allows for the creation of a 
steered preform by continuously shearing the fibre tows or tapes instead 
of bending them as in conventional AFP. The detailed description of the 
CTS process can be found in [16].  

• Forming the fibre-steered preforms into the finished 3D part: 

The tailored preforms with steered fibre paths obtained in previous 
step is then formed on a mould of the required 3D shape using double 
diaphragm forming technique [17].  

The numerical process by which the fibre orientation in the flat 
tailored preform is obtained holds some similarities with previous work 
from Rudd et al. [18], in which an optimised flat preform was derived 
via an concept of un-draping process (modified kinematic draping) from 
a 3D hemisphere geometry. Kinematic draping is a widely used tool to 
approximate fibre orientation during fabric draping onto complex 3D 
surfaces and is normally based on the pin-jointed net concept, with as
sumptions of inextensible fibre tow, zero preform shear stiffness and 
absence of process constraints [19]. In this work, a finite element 
analysis (FEA) based method, which accounts for the real physics of the 
problem (including prepreg material behaviour and boundary condi
tions), was used instead of a kinematic drape algorithm. This allows the 
fibre paths in the flat preform to be directly derived from only one 
un-forming simulation (i.e. no optimisation cycles are required in the 
case of the geometry studied here). Hence the final fibre orientations 
after forming, derived from a forming simulation, should show only 
small deviation from the targeted design. In addition to the improve
ments in laminate quality and production rate, the method also reduces 
waste compared to parts manufactured through forming of straight fibre 
plies. 

This work is an expanded investigation based on previous study [20] 
in which the proof of concept and general workflow were initially 
demonstrated. The manuscript is organised in a chronological order 
from process modelling development to experimental demonstration. 
Section 2 provides a description of the simulation platform used to 
calculate the orientation of the fibre paths in the flat preform and the 

un-forming analysis. Section 3 reports the experimental work carried out 
to demonstrate the feasibility of the numerical technique. Finally, Sec
tion 4 discusses and concludes on the viability of the technique by 
comparing the results from the analysis, with the experimental mea
surements and the original design requirements. 

2. Numerical modelling 

2.1. General modelling strategy 

In order to better present the entire process and each simulation’s 
input and output, a workflow chart of the model strategy is illustrated in 
Fig. 2, in which line arrows indicate direct input or output within the 
corresponding model and hollow arrows indicate post-processing be
tween different steps that were outlined in previous section. 

An important factor in the forming of fibrous material is the 
boundary conditions applied to the preform. Even the two identical 
preforms being formed on the same tool through a forming process with 
a blank-holder and a double diaphragm forming (DDF) respectively will 
display fundamentally different wrinkle patterns due to the different 
tension on the preform [21]. These are typical manufacturing induced 
defects that a simpler kinematic modelling approach [18,22] would not 
be able to capture. There is, therefore, a strong need for a more accurate 
FE-based approach that can capture these load-path dependencies. 

In the present study, DDF was selected due to several of its merits. It 
is capable of multi-layer forming, which is ideal for low cost and high- 
volume applications; secondly manufacturing defects generated from 
it and processing pressure present some similarities to industrial process 
such as hot drape forming [23,24]. Another benefit of DDF is the 
reduction of material wastage as, unlike forming with a blank holder, no 
excess preform material is required to be constrained during forming, 
which makes net-shaped preforms a possibility. In addition, the effect of 
the boundary conditions given by the blank holder on the forming 
response of a preform is complex in nature, and computationally 
expensive to simulate [25,26]. 

Because of the complex effect of boundary conditions and their in
fluence on the stress built up within the preform, setting-up an un- 
forming process model is not straightforward. Furthermore, the 
deformed shape of the diaphragm material after forming is unknown 
and cannot be used in a process where the boundary conditions of a 
forming process are simply inverted. A remedy was found by setting-up a 
procedure as described as follows (see Fig. 2): first an initial DDF process 
modelling of a ‘surrogate’ preform with representative material prop
erties was carried out; then the reversed nodal displacement history of 
the diaphragm finite element model was then applied as a displacement 
field input to the simulation of the un-forming process, and finally the 
‘surrogate’ preform is replaced by a material model with more realistic 
properties. Forming of the fibre-steered preform was finally performed 

Fig. 3. Designed mould with basic dimensions and the twisted plate part is highlighted in the centre of the mould.  
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to check if the fibre orientation in the formed fibre-steered part was 
consistent with the as-designed part (the 3D as-designed preform 
model). The un-forming and forming simulations were carried out using 
the commercial FE package (Abaqus/Explicit) with user defined mate
rial model (VUMAT). 

2.2. Mould and sample design 

To demonstrate the advantages of the proposed process and to 
validate the model, a twisted, swept and doubly curved 3D surface 
(referred as “twisted plate” hereafter) was designed and manufactured. 
Fig. 3 shows basic dimensions and overall configuration of the mould. 
The region that extends from the twisted plate’s edges serves as a 
‘platform’ to prevent the preform from being folded around the edges 
and corners of the mould during forming. The CAD geometry was built 
and then imported into Abaqus for further processing. Only the top 
surface of the virtual 3D mould was modelled and meshed with rigid 
material properties and membrane elements, respectively, to reduce 
computational cost. The CAD geometry of the top surface of designed 
mould was then again used Abaqus separately, to model the as-designed 
preform part. 

2.3. Finite element modelling 

2.3.1. Model set-up 
The chord, in some areas of the twisted plate, varies along the span 

direction. This is problematic as simple structured mesh scheme (i.e., 
when the numbers of elements along chord direction are the same) does 
not allow the spanwise elements to have a constant width (chordwise), 
which could be made equal to the width of a steered fibre tow. To define 
the as-designed spanwise fibre path, the preform mesh was thus created 
with an in-house Python script that kept the true 3D width of each 
spanwise strip of elements constant and equal to the width of a fibre tow. 
These strips of elements represent the as-designed fibre tow paths on the 
part, and their elemental orientation represents the fibre orientation on 
the as-designed 3D part. Note that the way of deriving the as-designed 
3D part design used in this study was inspired by a general design rule 
of maximising the amount of continuous fibre running in spanwise from 
root to tip in order to retain good structural performance of part under 
centrifugal force. In the context of this manuscript, it only served as a 
‘target’ fibre orientation that the un-forming modelling started from. To 
accurately capture the material behaviour of the preform during the 
forming/un-forming process, an approach that was initially developed 
for the modelling of forming of woven fabric [21] and then later 
developed for capturing in-plane shear response of UD prepreg [27] was 
adopted here. 

Reduced-integration shell elements (S4R in Abaqus/Explicit) and 
membrane elements (M3D4R in Abaqus/Explicit), with size of 4 mm, 
were superimposed by sharing their nodes, to represent the out-of-plane 
bending and in-plane material properties of the preform, respectively. 
The Young’s moduli in the shell and membrane elements were set to 
different values in such a way that membrane elements were used to 
simulate the in-plane behaviour (extension in fibre and transverse di
rections and in-plane shear) of a unit area of the preform whilst the shell 
elements were used to represent the fabric out-of-plane bending 
behaviour. The Young’s modulus of shell elements was back calculated 
from the flexural rigidity of the preform and the transverse and in-plane 
properties were set to small values. The membrane and shell elements 
thicknesses were both set to the actual preform thickness (i.e. 0.25 mm). 

Specific values of the Young’s moduli of the membrane and shell ele
ments are given in Table 1. These elements collectively simulate the 
complete material behaviour of a prepreg sheet. This approach works 
well for both woven fabrics and unidirectional prepregs [21,27]. 

To accurately represent the orthotropic nature of the material during 
forming where rigid body rotation can be significant, the constitutive 
behaviour of the preform was implemented based on a hypoelastic 
material model via a VUMAT material subroutine in Abaqus/Explicit. A 
local 2D orthogonal coordinate system in the Green-Naghdi (GN) work 
frame (i.e. Abaqus VUMAT work frame that elemental strain input and 
stress output are calculated from) is defined, and fibre direction relative 
to this local coordinate is set as VUMAT inputs. During forming simu
lations, this coordinate system is subject to a rigid body rotation which is 
represented by a rotation tensor R, this rotation tensor can be decom
posed by polar decomposition i.e. R = F⋅U¡1, where F is the deformation 
gradient and U is the right stretch tensor for internal straining of the 
material. A rotated local coordinate system can then be derived via the 
rotation tensor R from its initial state. With knowing the current 
deformation gradient, the deformed fibre direction can be calculated. 
Strain increments received by the VUMAT under the GN work frame are 
then converted to the fibre direction work frame for constitutive 
calculation while stress increments as output from the VUMAT in the 
fibre direction work frame are then converted back to the GN work 
frame for next iteration. Further Details of this material model are not 
elaborated in here as they can be found in the supplementary informa
tion and [21]. This VUMAT subroutine is made freely available by 
Bristol Compos Institute (BCI) and can be requested by e-mailing bci-g 
ithub@bristol.ac.uk. 

Ogden’s hyperelastic material model with representative parameters 
given in [17,21] and S4R elements, with element size of 4 mm, were 
assigned and used for modelling the diaphragms. The material param
eters used are listed in Table 2. 

2.3.2. Un-forming and forming simulations 
As mentioned in Section 2.1, the un-forming process model was 

implemented by directly reversing the forming process. As un-forming 
cannot be physically realised with a separate experimental validation, 
the whole process (i.e. un-forming and forming simulations) was vali
dated by comparing the predicted fibre orientation of the formed pre
form with that of the physical demonstrator in the as-designed state. 
Good agreement between these different cases proved the validity of the 
proposed method. As shown in Fig. 2, an initial forming simulation was 
first carried out. Displacement histories of the diaphragms’ nodes were 
extracted and stored. When simulating the un-forming process, the 
nodal displacement histories obtained from the initial forming simula
tion were assigned to the diaphragms’ nodes in the opposite direction 
and reversed time history. This allows both diaphragms to be deformed 
back to their original flat states. 

As shown in Fig. 4a, the initial forming simulation model consists of 
four parts, i.e. two diaphragms, the mould and a ‘surrogate’ preform. 
During the initial forming, contact interaction (including friction) be
tween the diaphragms and the preform may affect the deformation 
pattern as different materials respond differently when they are formed 
into the same shape. To take the tangential interactions between di
aphragms and preform into account, Coulomb friction coefficients of 0.6 
and 0.52 was assigned at interfaces between diaphragms and 
diaphragm-preform, respectively. These values were experimental 
determined in [17] and used in similar simulation works in [17,28]. 

Table 1 
Material input parameters for the elements in the thermoset prepreg model.  

Element type E1 (MPa) E2 (MPa) G12 (MPa) Thickness (mm) 

Membrane 149 10 5 0.25 
Shell 33 5 0  

Table 2 
Material parameters for Ogden hyperelastic material model used for the dia
phragm material, from [17,21]. Parameters μ1, α1 and μ2, α2 are material con
stants derived by curve fitting of uniaxial and biaxial tension tests.  

Diaphragm material μ1 (Pa)  α1  μ2(Pa)  α2  

Thermoplastic elastomer 150,904 3.0918 813.392 0.81451  
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The ‘surrogate’ preform model used in the initial forming simulation 
allows to obtain more accurate diaphragm movement by considering 
diaphragm/diaphragm and diaphragm/preform interactions, as well as 
the effects of the bending behaviour of the preform on diaphragms’ 
deformation. A simplified elastic orthotropic material model with uni
directional fibre orientation aligned with the plate span was used. The 
assumption here is that the effects of steered fibre (i.e. preform bending) 
is small with respect to the diaphragm interactions. Small differences 
observed in the deformation of diaphragms in forming simulations of 
preforms with straight and steered fibres respectively presented later 
show that this assumption is reasonable. The diaphragms’ deformation 
and their interaction with the preform can be significantly complex for 
multiply preform forming onto a complex mould in which it is antici
pated that the benefits from using this surrogate preform will become 
even greater. It may be that in such a case, an iterative forming- 
unforming process will be needed in order to reach the required pre
form design. 

At the end of this initial forming simulation, the diaphragms and 
‘surrogate’ preform fully conformed to the top of the mould. Their 

deformed shapes were then used as the initial configuration of the un- 
forming simulations (see Fig. 4b). In particular, an anisotropic mate
rial with the fibres’ orientation set as in the as-designed preform model 
was placed between diaphragms in the un-forming model. Hence, the as- 
designed 3D preform is deformed by the double diaphragms during un- 
forming from the twisted shape with element orientations along the as- 
designed fibre tow paths (as-designed preform in Fig. 4b) to a flat 
tailored preform with steered fibre paths. 

Material properties used in the initial and un-forming simulations as 
well as the model validation experiment are listed in Table 1. However, 
the in-plane shear behaviour and transverse deformation of prepreg is 
strongly influenced by deformation rate (forming rate in this case). 
During forming process of 3D complex moulds, different deformation 
rates will occur at different locations on the preform, which will be 
affected by the viscoelastic nature of the material [27,29]. The 
resin-dominated mechanical properties are also highly sensitive to 
temperature and can vary significantly [29]. Therefore, it is worth 
noting that the material properties listed in Table 1 and those used in 
simulations were representative and limited to the case studied in here, 

Fig. 4. Illustration of (a) initial forming model, (b) un-forming model. Note that the diaphragms’ position relative to the mould and the preform and the size of the 
preform are for presentation only. 

Fig. 5. Top views of: (a) trimmed as-designed preform model, (b) 2D fibre-steered preform model with extracted fibre path at mid-chord in 2D, (c) formed 3D fibre- 
steered preform model, (d) comparison of fibre path between the 3D as-designed preform and the formed 3D fibre-steered preform model. Note that each model in 
this figure correspond to the simulation workflow chart in Fig. 2. 
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and they would require update based on material characterisation 
testing and given testing facilities or manufacturing environment for 
forming of other complex shapes with different materials. 

As mentioned in Section 2.3.1, shear modulus (G12) or variation of 
shear modulus against shear angle in membrane element can be speci
fied in the hypoelastic VUMAT material model to capture in-plane shear 
behaviour of preform during forming simulation [21,29]. In this work, 
the shear modulus of the membrane elements was given an notional 
value that is much lower than that tested for a similar material in [29], 
and this low shear modulus was expected to introduce more in-plane 
shear in the preform to test the robustness of the post-processing tools. 
However, for the given shape in this work, the numerical and experi
mental results showed that the material deformations, including trans
verse extension and in-plane shear, were insignificant to the overall 
result. In general, because of the orthotropic nature of prepreg, the fibre 
and transverse direction bending response of the prepreg, captured by 
shell elements in the hypoelastic VUMAT material model, were signifi
cantly different. Therefore, the flexural stiffnesses of the UD prepreg 
used in the study were also representative and require cantilever bend 
characterisation tests such as presented in [21,30] to obtain precise 
properties for future analyses. 

As a result of deriving the as-designed 3D part with elemental 
orientation aligned with the required fibre orientations from the initial 
structural mesh, each strip of chordwise elements do not terminate 
exactly at the edges of the original boundary of the twisted plate region. 
Elements beyond the boundary were trimmed, thus the overall size of 
the part was preserved. Fig. 5a shows the as-designed preform model in 
3D and its mesh, processed from the initial structural mesh. After the un- 
forming simulation, to avoid any localised response (i.e. residual in- 
plane shear) in the un-formed tailored preform model (see Fig. 5b) 
and to make it manufacturable for fibre steering in experiment, the un- 
formed preform was further processed and re-meshed by a custom 
developed Python script so that spanwise strips of elements have a 
constant width, representing a CTS-manufacturable preform. It is worth 
noting that the numerical procedure described here would work in the 
exact same way for fibre-steering in AFP. Finally, the fibre-steered 
preform was then formed and compared with the original 3D as- 
designed preform as shown in Fig. 5c and d, respectively. It is worth 
noting that the un-formed 2D fibre-steered preform model (see Fig. 5b), 
based on the as-designed preform model, was trimmed to fit to the 
surface of the mould but could not precisely cover the entire surface of 
the mould due to its mesh size and shape, therefore, it was slightly 
smaller than the mould surface. The 3D fibre-steered preform model 
used in the forming simulations (see Figs. 5c and 2) was meshed based 
on a single fibre trajectory extracted from the un-formed preform and its 
base span and chord were set to be equal to the maximum span and 
chord of the mould surface. This leads to the size of the formed fibre- 
steered preform to be slightly larger than the mould surface and, by 
extension, the formed fibre-steered preform to be larger than the 3D as- 
designed preform, as shown in Fig. 5d. 

All numerical models were processed by with 16 CPUs, and the initial 
forming and tailored preform forming models were completed in under 
30 min with appropriate mass scaling and damping to reduce dynamic 

effects. In the un-forming simulation, nodal displacement histories 
derived from initial forming simulation were written out in the form of 
text files and taken as boundary conditions in the un-forming model. The 
time required for these text files to be read into memory (~30 min) was 
longer than the actual simulation time of the un-forming model (~15 
min). An efficient file exchange procedure may help to speed up the 
overall computational time even further. 

3. Experiments 

In this work, an experimental demonstrator of the proposed 
manufacturing technique was produced, and the results were used to 
validate the process models presented in Section 2. 

A single fibre path was extracted from the mid-chord position of the 
simulated tailored preform design, as shown in Fig. 5b. A steered pre
preg preform was then manufactured by the CTS technique using the 
extracted fibre path (see Fig. 6). The exceptionally small minimum 
steering radius of the CTS process allowed for production of such small 
fibre-steered preforms without defects. Since the width of the designed 
part is about 140 mm, two 100 mm wide prepreg tapes (MTM49-3/ 
T800, Solvay, BE) along the preform width were deposited onto a flat 
surface in the CTS process. To capture the fibre path with an image 
processing and make quantitative comparison between the preforms 
before and after forming, white lines parallel to the fibre directions were 
marked at 20 mm intervals on the prepreg tapes before it was fed into 
the CTS machine. The fibre path in a 2D cartesian coordinate format 
from the FEA results was converted to a CTS machine code, using a 
previously developed method from Kim et al. [31,32]. In addition, a 
double diaphragm forming test was carried out using a single UD pre
preg sheet with 0◦ fibre orientation aligned with the long edge of the 
plate was carried out. This allowed for highlighting the benefits of the 
proposed method compared with a more conventional manufacturing 
technique using straight fibre preforms. 

A double diaphragm forming rig was designed and built to accom
modate a small-to medium-sized tooling mould. Fig. 7a illustrates a 
cross-sectional view of the forming rig. During forming, the preform was 
placed between two diaphragms and held by a clamping frame on top of 
the upper diaphragm along the edges of the forming chamber. Prior to 
forming, 1 bar vacuum pressure was applied between the diaphragms 
and held throughout the forming process. After the preform was 
correctly positioned and secured between the diaphragms, the forming 
chamber was evacuated under 1 bar pressure for forming (see Fig. 7a). 
The mould, with a geometry identical to the numerical model used in the 
simulation, was manufactured by 3D printing (Fused Deposition 
Modelling) and was found to provide sufficient support. It was placed at 
centre of the forming rig. The peripheral areas between forming cham
ber and mould were filled with solid high-density Styrofoam blocks 
which were trimmed into shapes to avoid sharp corners and ensure a 
smooth surface transition between the forming chamber and the mould. 

Fig. 7b shows an overview of the forming rig with a formed fibre- 
steered prepreg. Due to twist of the mould, the relative position of the 
mould to the forming chamber was also one of the key influencing 
factors to forming quality, as it affects the change of the contact area 

Fig. 6. Overview of CTS machine (left) and wide tape CTS machine steering a 100 mm wide unidirectional prepreg tape (right).  
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between the diaphragm and the mould during forming. For forming 
using a single preform in this study, due to the low modulus in the 
transverse direction (in-plane normal to fibre orientation) of the pre
form, tension applied by the diaphragm during forming can be detri
mental to preserve the steered fibre directions. To minimise this 
tensioning effect on the preform, the mould was placed in such a way 
that the forming sequence is along the fibre direction from the apex to 
the bottom corners of the mould, as shown by the numbers in Fig. 7b. 

A DSLR (digital single-lens reflex camera) camera was placed on a 
supporting frame above the forming rig focusing downward to the 
centre of the preform; images were taken after the preform was 
completely formed to the mould. These images were then post-processed 
for fibre path extraction. 

4. Results and discussions 

Numerical simulations of the initial forming, un-forming and form
ing of tailored preform were carried out according to the modelling 

strategy described in the Section 2. To reduce computational cost in the 
forming and un-forming simulations, the complete forming rig used in 
experiments was not modelled entirely, and the forming process was 
instead modelled by altering the pressure acting on the diaphragms. 
During forming simulations, the same uniform pressure distribution was 
applied to both diaphragm models in the opposite directions. Similarly 
to the modelling techniques found in [17,21], after the diaphragms and 
preform are stabilised, the pressure acting on the lower diaphragm was 
gradually reduced to 80% of its original value so that the double di
aphragms and preform model were simultaneously formed onto the 
mould. 

Fig. 5b shows the un-formed tailored preform derived from the un- 
forming simulation with the fibre trajectory highlighted. Because 
highly localised shear deformation was not observed, a single trajectory 
was sufficient to represent the fibre path for the entire preform, and this 
fibre trajectory was extracted and used to manufacture a fibre-steered 
preform using CTS. Fig. 5d compares the 3D formed tailored preform 
with the 3D as-designed preform. It can be seen that the predicted fibre 

Fig. 7. (a) Cross-sectional schematic of the forming rig with exploded view showing the position of diaphragms and preform; (b) overview of forming rig with formed 
prepreg and forming sequence. (the numbers indicate the order in which forming of each part is completed.) 

Fig. 8. (a) Flat preform deposited by CTS machine with fibre direction highlighted, (b) CTS preform (fibre-steered) formed onto twisted plate mould, (c) UD preform 
(straight fibre) formed onto twisted plate mould by double diaphragm forming, with white lines indicating fibre orientation and the boundary of the twisted plate 
mould highlighted in red. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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path (represented by strips of elements) in the formed tailored preform 
is in good agreement with the original as-designed preform. 

Fig. 8a shows the flat preform deposited by the CTS machine. After 
the preform was manufactured, it was then transferred to the forming rig 
to form into shape. Fig. 8b shows the formed CTS preform. It can be seen 
from the figure and during the forming test, splitting between the two 
parallel 100 mm wide fibre tapes at the joined boundaries was not 
observed, which showed efficiency and robustness of the CTS technique 
in manufacturing defect-free preforms. Several trials were required 
before the preform could successfully be formed to the shape with full 
coverage and with a good alignment to the peripheral of the mould. 
Hence, each position in the tailored preform uniquely corresponds to 
one position on the mould. A visual assisting tool such as a projector 
above the forming rig could be helpful to align preform to the mould in 
future work. The occurrence of slippage between diaphragms and pre
form during forming can also affect the forming quality, and it is caused 
by relieving the compression acting on the preform leading to local 
relaxation of preform. This slippage was expected to be associated with 
prepreg tack, modulus mismatch of the two materials, vacuum pressure 
between the diaphragms and the boundary conditions of the di
aphragms. To check for the occurrence of preform slippage against the 
diaphragms during forming, trials were carried out with the top dia
phragm marked by grid lines. However, no diaphragm slippage was 
observed experimentally. Friction between diaphragms affects their 
relative movement in the tangential direction but does not significantly 
affect deformation in regions that are in contact with the preform. There 
are other factors that control the interaction between diaphragms, such 
as uniformity of vacuum pressure, type of diaphragm, boundary con
ditions, ambient temperature (some forming tests may require elevated 
temperature), etc. The level of characterisation performed here was 
deemed to be sufficient for the studied problem. 

In other multiply forming cases where the moulds are even more 
complex than that in current study, a full numerical sensitivity study of 
the interfacial properties for diaphragms and diaphragm/preform and 
interply interactions may be required. The importance of these in
teractions varies from case to case and requires in-situ observation and 
bespoke numerical characterisation/validation based on the given pre
form stack, diaphragm type, mould shape, boundary conditions, forming 
facility, test environment, etc. 

As mentioned in Section 3, the same forming test was performed with 
a UD prepreg sheet. Fig. 8c shows the formed UD prepreg with gridlines 
drawn before the forming test to indicate the fibre orientation before 
and after forming. The boundary of the twisted plate is also highlighted 
on the figure. Comparison between Fig. 8b and c shows that when using 
the UD preform, a large amount of material needed to be trimmed to fit 
to the required (highlighted) surface, which leads to production of 
waste. The UD preform also has a reduction of continuous spanwise fibre 
running from the root and the tip of the shape. However, in the formed 

CTS preform, the amount of continuous fibres was greater and trimming 
could be kept to a minimum. This demonstrates the advantages of the 
steered preform in forming of complex shapes. It is also noted that the 
tailored steered fibre preform appeared to be easier to form. This suggest 
that, in the case of more aggressive mould surface profiles, the technique 
may, as intended, help reduce the occurrence of defects. More impor
tantly, this novel approach allows for manufacturing variable angle tow 
designs in such small and highly complex parts without defects, which is 
not possible using the conventional AFP process. This will enable high- 
volume production of more structurally efficient, complex composite 
components at reduced cost and waste. 

For a more quantitative validation of the process models and of the 
proposed manufacturing approach, the deviation of fibre trajectories to 
the as-designed fibre paths in the FE forming simulations (see final step 
in Fig. 1) was compared with that in the physical demonstrator. As it was 
difficult to experimentally extract the fibre paths “in-situ” in 3D, the top 
view images of the as-designed preform obtained from the FE simula
tions were precisely overlaid to the corresponding images of the formed 
steered preform. Image processing scripts were developed to extract 
lines from an image and compare the deviation of fibre trajectories. The 
projected fibre orientations, i.e. marked lines on steered preform, were 
compared with the FEA mesh lines in the as-designed preform, as shown 
in Fig. 9a. A similar comparison was also made between the as-designed 
preform and the formed UD preform (see Fig. 9b). It can be seen that the 
fibre angle deviations observed over most of the area of the steered 
preform was below 5◦, while higher values were found at the corner of 
the preform, which was caused by misalignment of the initial position of 
the steered preform before it was formed to the shape. For the purpose of 
proof of concept, the current validation process was deemed to be suf
ficient as a foundation for future studies. 

5. Conclusions 

In this work a manufacturing process, particularly well adapted to 
the production of complex 3D composites structures, is proposed. 
Instead of depositing carbon fibres directly on the complex mould, a flat 
tailored preform made from steered fibre prepreg tapes was created. The 
flat preform was, subsequently, formed into a 3D complex shape. The 
fibre path in the flat, tailored preform is derived from a new virtual un- 
forming process from the as-designed part. The fibre-steered preforms 
were created using the continuous tow shearing (CTS) technique and 
formed into shape using double diaphragm forming. 

FEA process models and in-house scripts were developed for deriving 
as-designed fibre paths on arbitrary, yet complex shapes, the results of 
which were validated by forming of a fibre-steered preform. It was 
shown that a flat, custom fibre-steered preform could be obtained for the 
as-designed fibre paths via a numerical un-forming simulation. It was 
also observed that the part manufactured by the proposed process was 

Fig. 9. Deviation of the experimental projected fibre trajectories between (a) the formed steered preform and the preform with as-designed fibre trajectory derived in 
FEA; (b) the UD preform and preform with as-designed fibre trajectory derived in FEA. 
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closer to the as-designed part and required less material compared to a 
part manufactured through forming of a UD preform. This proposed 
process effectively decouples a complex or even impossible process (i.e. 
direct AFP on small to medium complex surface) into two easily 
manageable processes. Hence, flat steered preform are first created using 
CTS and then formed to the required 3D shape. The ‘un-forming’ 
simulation allows to derive a tailored near net-shape preform. Compared 
with a more traditional AFP deposition, the technique can help lower 
trial-and-error iterations and reduce material waste. 

Longer term, the technique could be fully automated by integrating 
the CTS machine into a process chain whereby steered fibre preforms are 
manufactured and moved to a forming station via pick and place. DDF is 
also a highly scalable process that uses vacuum only to generate forming 
forces and is both fast and cost-effective. Both one shot DDF multi-ply 
forming of the preforms or ply-by-ply sequential single diaphragm 
forming are viable options to build the part thickness onto the tool. 

This proposed approach is believed to be suitable for manufacturing 
small to medium composite parts with complex shapes, which are not 
currently manufacturable using AFP processes directly. The un-forming 
simulation is applicable to all 3D shapes, but the numerical fibre-steered 
preforms generated may not always be manufacturable by current fibres 
steering processes. If fibre-steering technology becomes inadequate to 
produce such preforms, information from numerical fibre-steered pre
forms and from intermediate steps during the un-forming simulation can 
also be useful in creating optimised lay-up design for the purpose of 
reducing manufacturing defects. 

Furthermore, the proposed method allows for applying novel vari
able angle tow designs to such complex shapes for more advanced per
formance, that could not previously be achieved for such small parts due 
to limitations of current AFP technologies. However, the application of 
this approach to even smaller and more complex mould than that used in 
this study may lead to small fibre steering radii during deposition, which 
requires further investigation in future studies based on the develop
ment of the CTS process. The new method’s extension to deal with parts 
of increasing complexity of shape and multi-ply forming, including at 
elevated temperatures, will be studied in the future. 
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